Background/Aims: Chronic hepatitis B virus (HBV) infection (CHB) plays a central role in the etiology of hepatocellular carcinoma (HCC). Emerging evidence implicates insulin-like growth factor (IGF)-II as a major risk factor for the growth and development of HCC. However, the relationship between HBV infection and IGF-II functions remains to be elucidated. Methods: Levels of circulating IGF-II and IGF-I receptor (IGF-IR) in healthy donors (HDs) and CHB patients were tested by ELISA. Human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) were incubated with serum from HDs and CHB patients at various concentrations for 24, 48, and 72 h. MTT and plate colony formation assays, BrdU ELISA, ELISA, small-interfering RNA (siRNA) transfection, quantitative real-time PCR, and western blot were applied to assess the functional and molecular mechanisms in HCC cell lines. Results: Serum levels of IGF-II and IGF-IR were significantly higher in CHB patients than in HDs. Additionally, serum from CHB patients directly induced cell growth, proliferation, IGF-II secretion, and HDGF-related protein-2 (HRP-2) and nuclear protein 1 (NUPR1) mRNA and protein expression in HCC cells. Moreover, serum from CHB patients increased IGF-II-induced cell growth, proliferation, and HRP-2 and NUPR1 mRNA and protein expression in HCC cells. Blockade of IGF-IR clearly inhibited the above effects. Most importantly, interference with IGF-II function markedly repressed the cell proliferation and HRP-2 and NUPR1 mRNA and protein expression induced by serum from CHB patients. Furthermore, serum from CHB patients induced ERK phosphorylation via IGF-IR, with the MEK inhibitor PD98059 significantly decreasing CHB patient serum-induced IGF-II secretion, cell proliferation, and HRP-2 and NUPR1 mRNA and protein expression. Conclusion: Serum from CHB patients increases cell growth and proliferation and enhances HRP-2 and NUPR1 expression in HCC cells via the IGF-II/IGF-IR/MEK/ERK signaling pathway. These findings help to explain the molecular mechanisms underlying HBV-related HCC and may lead to the development of effective therapies.
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Introduction
by centrifugation at 1500 g for 10 min in a refrigerated centrifuge. The resultant supernatants were designated sera and were collected with pipettes in tubes and stored at -70°C until their use.
Cell culture
Human MHCC97H cells, a typical HCC cell line with high metastatic potential [15] , were supplied by the Liver Cancer Institute of Fudan University (Shanghai, China). HepG-2 and SMMC-7721 cell lines were supplied by the American Type Culture Collection (ATCC). These cell lines were authenticated by STR DNA analysis (Genetica DNA Laboratories ) and were found to be mycoplasma-free (Lonza, Walkersville, MD USA). All cell lines were cultured with DMEM supplemented with 10% fetal bovine serum and antibiotics at 37°C in a 5% CO2 humidified atmosphere.
In further experiments, HCC cells were incubated for the indicated times in DMEM supplemented with 10% HD serum or 10% CHB patient serum, as described previously [16, 17] .
MTT assay
Human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) were seeded into 96-well plates at a density of 2 × 10 4 cells/well and incubated with serum from HDs (10%) or CHB patients (10%) for 24, 48, and 72 h. Cell viability was analyzed by an MTT assay. At the indicated time points, 20 μl of MTT solution (5 mg/ ml) was added to each well and incubated at 37°C for 4 h. Then, the medium was replaced with 150 μl of dimethyl sulfoxide. The absorbance of each well was measured in an enzyme immunoassay analyzer at 490 nm. Experiments were performed at least three times independently.
BrdU ELISA Proliferation was assessed as described previously [18] . Briefly, equal numbers of HepG-2, SMMC-7721, and MHCC97-H cells were plated in 96-well plates and serum-starved overnight. Serum starvation induced cell cycle synchronization, meaning that most of the cells stayed in the G1/S transition stage just before S phase entry. Human HCC cell lines were seeded into 96-well plates at 1 × 10 4 cells/well and incubated with serum from HDs (10%) and CHB patients (10%) for 24, 48 , and 72 h. Cells were treated with BrdU labeling reagent for 2 h, then the marking liquid was added, and incubated at 60°C for 1 h. Then, 200 μl FixDenat was added and left for 30 min at room temperature. Next, 100 μl BrdU-POD solution was added, left for 90 min at room temperature, and 100 μl substrate solution was added and left for 30 min at room temperature. Results were quantified by measuring the absorbance at 370 nm. Experiments were performed at least three times independently.
Plate colony formation assay
Human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) were seeded into 6-well plates at a density of 200 cells/well. After 10 days, cells were incubated with serum from HDs (10%) and CHB patients (10%) for 48 h. Then, cells were washed with PBS, fixed in 10% methanol for 15 min, and stained with crystal violet for 10 min. Visualized colonies were then photographed and scored. Experiments were repeated at least three times.
ELISA
Human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) were seeded into 6-well plates at a density of 5 × 10 5 cells/well and then incubated with serum from HDs (10%) and CHB patients (10%) for the indicated times. In another experiment, the cells were pretreated with the IGF-IR inhibitor PPP (10 μM) for 1 h and stimulated with serum from HDs or CHB patients for 48 h. Furthermore, after application of MEK inhibitor Small-interfering RNA transfection As described previously [14] , cells (1 × 10 5 ) were seeded into 6-well plates and were grown until 60-80% confluent. The cells were transiently transfected with 50 nM of IGF-II siRNA or negative control siRNA (NC siRNA) using DharmaFECT 4 transfection reagents according to the manufacturer's instructions. After 48 h, protein expression and mRNA levels of IGF-II were detected by western blot, quantitative real-time polymerase chain reaction (PCR), and reverse transcription PCR (RT-PCR). Transfection rates of 60-70% were accepted for all experiments.
Quantitative real-time PCR and RT-PCR mRNA levels were determined by our previous method [19] . Total RNA was isolated using a TRIzol Kit (Invitrogen Corp., Carlsbad, CA, USA). cDNA was synthesized from 1 μg samples of total RNA using PrimeScript TM RT Master Mix Kit (Takara, Japan) following the manufacturer's instructions. Real-time PCR was performed with the SYBR Premix Ex Taq™ II Perfect Real Time kit (Takara) on an ABI QPCR System (Applied Biosystems, Carlsbad, CA, USA) following the manufacturer's instructions. The samples were run in triplicate. Primers for human HRP-2, NUPR1, IGF-II, and β-actin were designed with Beacon designer version 4.0 (Premier Biosoft, South San Francisco, CA USA). The HRP-2 mRNA sequences were as follows: sense 5′-CCTCCGCCGACAGCATGCCG-3′, antisense 5′-GGCTGGAGCTCAGCTGTCCT-3′. The NUPR1 mRNA sequences were as follows: sense 5′-GCCACCTTCCACCAGCAAC-3′, antisense 5′-CAGCGCTTCACCATGGC-3′. The IGF-II mRNA sequences were as follows: sense 5′-TTGTCCCTCTCCTCCTCCAC-3′, antisense 5′-TATTAGCAGT CACCACCAAA GCA-3′. The β-actin mRNA sequences were as follows: sense 5′-TGGCACCCAG CACAATGAA-3′, antisense 5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′. Traditional PCR was performed according to the manufacturer's instructions. The RT-PCR products were analyzed by electrophoresis through 2% agarose gels containing ethidium bromide. A melting point dissociation curve generated by the instrument was used to confirm that only a single product was present. Relative gene expression was quantified by the comparative Ct method (2 -ΔΔCT ) as described by the manufacturer. Data were normalized to human β-actin mRNA levels. Three independent experiments were carried out to study mRNA levels.
Western blot
As described previously [19] , protein samples (25 μg) were separated on sodium dodecyl sulfatepolyacrylamide gel electrophoresis gels and transferred onto a polyvinylidene difluoride membrane (BioRad Laboratories, Hercules, CA, USA). The membranes were blocked with 5% nonfat dry milk in Trisbuffered saline containing 0.1% Tween 20 and incubated with specific antibodies against HRP-2 (1:500), NUPR1 (1:1000), phospho-ERK (1:2000), ERK (1:1000), phospho-PI3K (1:1000), PI3k (1:1000), and β-actin (1:1000). β-actin was used as a loading control. Reagents (Pierce Corp., Rockford, IL, USA) for the enhanced chemiluminescence were applied to the blots and the light signals were detected by X-ray film. The optical densities of the bands were scanned and quantified with Syngene Gene Tools (Syngene Corp., Cambridge, UK). Three independent experiments were carried out to study protein expression.
Statistical analysis
All data are expressed as the mean ± SEM. A Student's t test or one-or two-way analysis of variance (ANOVA) test was used to determine the significance among groups. A value of p < 0.05 was considered to be statistically significant.
Results

Circulating IGF-II and IGF-IR levels are higher in CHB patients than in HDs
The mean serum levels of IGF-II were significantly higher in CHB patients than in HDs (323.26 ± 36.55 ng/ml vs. 156.78 ± 40.82 ng/ml, p < 0.01). Likewise, the mean serum levels Table 2) .
Serum from HDs and CHB patients induces cell growth and proliferation in HCC cell lines
To study whether serum from HDs and CHB patients is related to the growth and proliferation of HCC cell lines (HepG-2, SMMC-7721, MHCC97-H), we first performed an MTT assay. Compared with control, HCC cell lines treated with serum from HDs and CHB patients showed higher time-dependent growth. In addition, serum from HDs and CHB patients significantly increased tumor cell viability at 72 h (Fig. 1A) .
To evaluate the effect of serum from HDs and CHB patients on HCC cell proliferation, a BrdU ELISA was performed. Compared with control, HCC cell lines treated with serum from HDs and CHB patients showed higher time-dependent proliferation. In addition, serum from HDs and CHB patients significantly increased tumor cell proliferation at 72 h (Fig. 1B) . We further analyzed the colony formation ability of HCC cell lines treated with serum from HDs and CHB patients using crystal violet staining. Compared with control, colony number was markedly increased after cells were treated with serum from HDs and CHB patients. In addition, serum from HDs and CHB patients significantly increased tumor cell proliferation ( Fig. 1C and D) . The results showed that serum from HDs and CHB patients induced HCC cell growth and proliferation in a time-dependent fashion. However, the induction of serum from CHB on cell growth and proliferation was significantly stronger than serum from HDs. 
Serum from CHB patients promotes IGF-II-induced cell growth and proliferation in HCC cell lines
Our previous study found that IGF-II (100 ng/ml) could slightly induce cell growth and proliferation in HCC cell lines (HepG-2, SMMC-7721, MHCC97-H). Thus, to investigate the effect of serum from HDs and CHB patients on IGF-II-induced cell growth and proliferation in HCC cell lines, cells were incubated with IGF-II (200 ng/ml) and serum from HDs and CHB patients for 24, 48, and 72 h; MTT assays and BrdU ELISA were then performed. Compared with control, HCC cell lines treated with IGF-II showed cell growth and proliferation. Compared with the IGF-II group, HCC cell lines treated with serum from CHB patients showed higher time-dependent cell growth and proliferation. In addition, serum from CHB patients significantly increased tumor cell growth and proliferation at 72 h. However, application of serum from HDs resulted in a minimal increase in HCC cell growth and proliferation. Moreover, compared with the IGF-II group, the colony number was significantly increased after treatment of cells with serum from HDs and CHB patients (Fig. 3) .
Serum from CHB patients promotes IGF-II-induced HRP-2 and NUPR1 mRNA and protein expression in HCC cell lines
We further investigated the effect of serum from HDs and CHB patients on IGF-IIinduced growth and proliferation in HCC cell lines (HepG-2, SMMC-7721, MHCC97-H). Cells were incubated with IGF-II (200 ng/ml) and serum from HDs and CHB patients for 48 h, and HRP-2 and NUPR1 mRNA and protein expression levels were analyzed by quantitative realtime PCR and western blot. As shown in Fig. 4 , compared with control, HRP-2 and NUPR1 mRNA and protein expression levels in HCC cells were significantly increased by treatment with serum from CHB patients and IGF-II. Compared with the IGF-II group, HRP-2 and NUPR1 mRNA and protein expression levels in HCC cells were significantly increased by treatment with serum from HDs and CHB patients.
Serum from HDs and CHB patients induces IGF-II secretion and cell growth and proliferation via IGF-IR in HCC cell lines
The above results suggested that serum from HDs and CHB patients might induce IGF-II secretion and cell growth and proliferation in HCC cell lines. To evaluate the role of IGF-IR in the process, we further assessed the effects of pretreatment with PPP, an inhibitor of IGF-IR, on IGF-II secretion and cell growth and proliferation in HCC cell lines treated with serum from HDs and CHB patients. As shown in Fig. 5 , 10 μM of PPP markedly blocked the effect of serum from HDs and CHB patients on IGF-II secretion and cell growth and proliferation in HCC cell lines. Accordingly, these results demonstrated that serum from HDs and CHB patients induced IGF-II secretion and cell growth and proliferation via IGF-IR in HCC cells. 
Serum from CHB patients induces HRP-2 and NUPR1 expression via IGF-IR in HCC cell lines
To probe the role of IGF-IR in this process, we further investigated the effects of pretreatment with the IGF-IR inhibitor PPP on HRP-2 and NUPR1 mRNA and protein expression levels in HCC cell lines treated with serum from HDs and CHB patients. As shown in Fig. 6 , 10 μM of PPP markedly reduced the effect of serum from CHB patients on HRP-2 and NUPR1 mRNA and protein expression in HCC cell lines. Thus, these results suggested that serum from CHB patients induced HRP-2 and NUPR1 mRNA and protein expression via IGF-IR in HCC cells. 
IGF-II siRNA decreases the effect of serum from HDs and CHB patients on cell proliferation and HRP-2 and NUPR1 mRNA and protein expression in HCC cell lines
Given that the IGF-IR inhibitor PPP decreased the inductive effects of serum from HDs and CHB patients on cell proliferation and HRP-2 and NUPR1 mRNA and protein expression in HCC cell lines, we further analyzed the impact of IGF-II deficiency on these effects of the sera. We transiently transfected cells with IGF-II siRNA for 48 h and then measured IGF-II mRNA and protein expression levels. The knockdown efficiencies of IGF-II were 75.50% (HepG-2), 75.83% (SMMC-7721), and 75.00% (MHCC97-H) on quantitative real-time PCR and 76.33% (HepG-2), 77.67% (SMMC-7721), and 74.00% (MHCC97-H) on western blot (Fig.  7A and B) . These results suggested that the silencing efficiency of HCC cells was acceptable for all experiments.
Next, the transfected cells were stimulated with serum from HDs and CHB patients for 48 h. As described in Fig. 7C , compared with the negative control, stimulation of cells with serum from HDs and CHB patients increased cell proliferation, whereas a lack of IGF-II dramatically decreased the inductive effects of serum from HDs and CHB patients on cell proliferation in HCC cell lines, further suggesting that serum from HDs and CHB patients enhanced cell proliferation via IGF-II. As shown in Fig. 8 , compared with the negative control, stimulation of cells with serum from CHB patients increased HRP-2 and NUPR1 mRNA and protein expression in HCC cell lines, whereas a lack of IGF-II dramatically decreased the inductive effects of serum from CHB patients on HRP-2 and NUPR1 mRNA and protein expression, again indicating that serum from CHB patients enhanced HRP-2 and NUPR1 mRNA and protein expression via IGF-II.
Serum from CHB patients induces ERK phosphorylation via IGF-IR in HCC cell lines
To evaluate the downstream effector of IGF-IR, cells were pretreated with the IGF-IR inhibitor PPP (10 μM) for 1 h and subsequently stimulated with serum from HDs and CHB patients for 2 h; ERK and PI3K phosphorylation was then assessed. As shown in Fig. 9 , serum from CHB patients significantly induced ERK phosphorylation but had no effect on PI3K phosphorylation. In addition, 10 μM of PPP clearly decreased the inductive effects of serum from CHB patients on ERK phosphorylation in HCC cell lines. Therefore, these results demonstrated that serum from CHB patients induced ERK phosphorylation via IGF-IR in HCC cell lines.
Serum from HDs and CHB patients induces IGF-II secretion, cell proliferation, and HRP-2 and NUPR1 protein expression via MEK/ERK in HCC cell lines
After PD98059 became available as a highly specific inhibitor of MEK1 activation, it has typically been used as a selective, cell permeable inhibitor of the MEK/ERK pathway [20] . To clarify whether serum from HDs and CHB patients induced IGF-II secretion, cell proliferation, and HRP-2 and NUPR1 protein expression via ERK in HCC cell lines, cells were pretreated with the MEK inhibitor PD98059 (1 μM) for 1 h and subsequently stimulated with serum from HDs and CHB patients for 48 h. As shown in Fig. 10A and B, 1 μM of PD98059 dramatically attenuated the inductive effect of serum from HDs and CHB patients on IGF-II secretion and cell proliferation in HCC cell lines. Accordingly, these results demonstrated that serum from HDs and CHB patients induced IGF-II secretion and cell proliferation via MEK/ERK in HCC cell lines. Moreover, 1 μM of PD98059 significantly decreased the inductive effect of serum from CHB patients on HRP-2 and NUPR1 mRNA and protein expression in HCC cell lines. Consequently, these results also suggested that serum from CHB patients induced HRP-2 and NUPR1 mRNA and protein expression via MEK/ERK in HCC cells.
Discussion
In this study, we showed that the serum levels of IGF-II and IGF-IR were significantly higher in CHB patients than in HDs. We also found that serum from CHB patients directly Data are presented as the mean ± SEM from three independent experiments. Statistical significance was calculated using Student's t test. *p<0.05 vs. NC siRNA. [21] . Many findings implicate IGF-II as a major risk factor in the growth and development of HCC [22] . Most studies have focused on HBV and HCC. However, little is known about how HBV increases the production of IGF-II and promotes the growth and viability of HCC cells. In the present study, we assessed the levels of circulating IGF-II and IGF-IR in HDs and CHB patients. The results showed that the serum levels of IGF-II and IGF-IR were significantly higher in CHB patients than in HDs, suggesting that there might be a close relationship between HBV and IGF-II. Next, to investigate the role of serum from CHB patients in HCC cells, we selected three different HCC cell lines (HepG-2, SMMC-7721, and MHCC97-H) and carefully evaluated the direct effects of serum from CHB patients on their cell growth and proliferation. Serum from CHB patients significantly increased cell growth and proliferation on MTT, BrdU ELISA, and plate colony formation assays. Based on the above results, we further found that serum from CHB patients increased IGF-II-induced cell growth, proliferation, and HRP-2 and NUPR1 mRNA and protein expression in HCC cells. Therefore, it is likely that IGF-II could link HBV infection with the cell growth and proliferation of HCC.
HDGF-related protein-2 (HRP-2) belongs to the family of HRPs. HDGF is the founding member of this family and is the most extensively studied [23] . It was originally purified from conditioned media of the human hepatoma cell line Huh-7 and was shown to be capable of stimulating the proliferation of Swiss 3T3 cells [24, 25] . Many studies have reported that HDGF is overexpressed and plays an important role in the development and progression of (C) HRP-2 and NUPR1 protein expression levels were measured by western blot. Data are presented as the mean ± SEM from three independent experiments. Statistical significance was calculated using one-way ANOVA or Student's t test. *p<0.05, **p<0.01 vs. [26] [27] [28] . A recent study showed that HRP-2 is frequently overexpressed in human HCC tissues and is required for HCC cell growth in vitro and in vivo [29] . In the present study, we found that serum from CHB patients enhanced HRP-2 mRNA and protein expression and increased IGF-II-induced HRP-2 mRNA and protein expression in HCC cells. These results primarily reveal that HBV infection could promote cell growth and proliferation by inducing HRP-2 overexpression in HCC cells. NUPR1 was originally identified as p8 [30] , a gene that is preferentially upregulated in response to cellular stress during the acute phase of pancreatitis in the rat. In the liver, NUPR1 is an important element in the hepatocyte stress response after hepatic injury by CCl4 [31] . NUPR1 has also been identified as a key regulator and metabolic switch in response to mitochondrial damage during liver cancer progression [32] . In addition, NUPR1 is activated by HBx protein and mediates the cell growth and survival of HBV-positive cells [33] . A recent study also confirmed that NUPR1 plays a critical role in the regulation of the tumor cell growth, tumor migration, and invasive capacity of HCC cells, suggesting its oncogenic role in HCC [34] . In the present study, we found that serum from CHB patients increased NUPR1 mRNA and protein expression and promoted IGF-II-induced NUPR1 mRNA and protein expression in HCC cells. These data primarily show that HBV infection could enhance cell growth and proliferation by inducing NUPR1 overexpression in HCC cells.
IGF-II, an autocrine growth factor, is highly expressed in many tumors and tumor cell lines [35] . IGF-II exerts biological actions primarily by binding to and activating IGF-IR. Emerging evidence confirms that IGF-II is associated with proliferation, migration, and invasion in HCC [13, 36] . HBx is a multifunctional regulatory protein closely linked to HCC. HBx upregulates the expression of IGF-II in premalignant proliferative nodules and of IGF-IR in hepatoma cell lines [11, 37] . Our data showed that the serum levels of IGF-II and IGF-IR were significantly higher in CHB patients than in HDs. Furthermore, serum from CHB patients directly induced IGF-II secretion in HCC cells, implying that HBV-related factors, particular IGF-II, may increase cell growth and proliferation in an IGF-II signaling pathwaydependent manner. Next, blockade of IGF-IR in HCC cells clearly inhibited cell growth, proliferation, IGF-II secretion, and HRP-2 and NUPR1 mRNA and protein expression induced by the serum of CHB patients. Most importantly, interference with IGF-II markedly repressed the cell proliferation and HRP-2 and NUPR1 mRNA and protein expression induced by CHB patient serum in HCC cells. Therefore, we can conclude that HBV might act as an important factor in the growth and proliferation of HCC via the activation of IGF-II/IGF-IR signaling.
IGF-II interacts with IGF-IR, causing downstream activation of PI3K/Akt signaling and finally leading to protein translation and proliferation [38] . Besides the major pathway, IGF-IR may also activate p38 mitogen-activated protein kinase (p38 MAPK) to induce cell growth and differentiation [39] . ERK also plays a pivotal role in cell proliferation and metastasis during various stages of cancer [40] . After ERK phosphorylation, it translocates to the nucleus, where it leads to changes in gene expression and regulates various transcription factors [41] . A previous study indicated that HBx-induced oval cell proliferation is dependent on activation of the MEK/ERK and PI3K/Akt signaling pathways [42] . Moreover, a recent study demonstrated that HBcAg activates p38, ERK, and NF-κB to enhance the production of IL-6 in hepatocytes [43] . To further evaluate the downstream effectors of IGF-IR, HCC cells were pretreated with the IGF-IR inhibitor PPP and subsequently stimulated with serum from HDs and CHB patients. We found that serum from CHB patients significantly induced ERK phosphorylation but had no effect on PI3K phosphorylation. Moreover, the IGF-IR inhibitor PPP clearly inhibited the inductive effects of serum from CHB patients on ERK phosphorylation in HCC cell lines, suggesting that serum from CHB patients induced ERK phosphorylation via IGF-IR in HCC cell lines. However, we found that HD serum had no effect on ERK phosphorylation. Although the upstream activators MEK1 and MEK2 were not observed, it seems plausible that HD serum could cause MEK1 and MEK2 activation. Finally, the MEK inhibitor PD98059 partly diminished CHB patient serum-induced cell proliferation and HRP-2 and NUPR1 expression in HCC cell lines. It seems reasonable to conclude that ERK translocates to the nucleus to induce downstream gene targets, including the pro-Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry proliferative proteins HRP-2 and NUPR1. Thus, activation of ERK ultimately enhances the proliferation of HCC cells.
In conclusion, our study revealed that serum from CHB patients increased cell growth and proliferation as well as enhanced HRP-2 and NUPR1 expression in HCC cells via the IGF-II/IGF-IR/MEK/ERK signaling pathway. These findings will help us to understand the molecular mechanisms underlying HBV-related HCC and may lead to the development of effective therapies in the future.
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